Pulmonary changes after extracorporeal circulation in dogs were studied by means of an experimental preparation which enabled one lung to be perfused with blood from a pump-oxygenator system whilst the other lung was excluded from the circulation. Pulmonary damage was assessed by measurement of intrapulmonary right-to-left shunt, surface tension measurements and histology. Intrapulmonary shunts developed when homologous blood was used to prime the pump-oxygenator system. Lung changes were minimal when homologous blood was eliminated from the priming solution or when exchange transfusion was effected without a pump-oxygenator. There were no changes in the lung excluded from the circulation.
It has been shown that postoperative arterial desaturation is more marked in patients submitted to open heart surgery under total body perfusion than in those submitted to thoracotomy without the use of a pump-oxygenator (McQenahan, Young and Sykes, 1965 ). An analysis of alveolararterial oxygen tension differences (A-a Po,) during the breathing of air and 100 per cent oxygen revealed that this was due to a marked increase in the quantity of blood passing through true (anatomical) right-to-left shunts, presumably within the lungs. The physiological effects appear to be related to the multiple discrete areas of haemorrhagic atelectasis which have been observed in the lungs of patients who have died with the post-perfusion lung syndrome (Muller, Littlefield and Dammann, 1958; Dodrill, 1958; Baer and Osborn, 1960) .
The aetiology of the syndrome is unknown. This paper describes animal experiments designed to assess the effects of: (1) exclusion of the lungs from the circulation; (2) massive homologous blood transfusion; and (3) cardiopulmonary bypass using a pump-oxygenator primed either with homologous blood or with dextrose-saline.
The lung damage produced was assessed by histology, measurements of the surface tension of the alveolar lining layer, and measurements of the true shunt, calculated from an analysis of alveolar-arterial oxygen tension differences (A-a Po 3 ) when inspiring 100 per cent oxygen. Details of the surgical technique and histological findings have been reported elsewhere (Nahas et al., 1965a, b) . This paper presents details of the shunt and surface tension measurements.
METHODS
The experiments were performed on mongrel dogs weighing 20-30 kg. In order to reduce the number of variables a perfusion circuit was designed which enabled one lung to be excluded from the circulation, whilst the other was perfused with the normal flow of mixed venous blood. At the conclusion of bypass a normal circulation was re-established and the function of each lung was studied separately.
Anaesthesia.
Anaesthesia was induced with intravenous 5 per cent thiopentone (approximately 20 mg/kg body weight) and a cuffed endotracheal tube was inserted. Anaesthesia was maintained with nitrous oxide 60 per cent and oxygen 40 per cent, analgesia being supplemented by intermittent doses of pethidine (10-20 mg i.v.) . was injected intermittently to maintain apnoea. Ventilation was controlled with an East-Radcliffe ventilator (Sykes, 1962 ). An inspiratory pressure of 12-15 cm H 3 O was used and a positive pressure of 2-5 cm HjO was maintained during expiration to prevent collapse of the lungs when the chest was open. Nitrous oxide was discontinued at least 20 minutes before pre-perfusion measurements were made and ventilation with 100 per cent oxygen was maintained thereafter. Ventilation with oxygen was continued during the period of bypass.
Perfusion Circwt.
Details of the surgical and perfusion technique are given elsewhere (Nahas et al., 1965a, b) .
The dog was supported in a V-shaped trough in the supine position and a midline sternotomy was used to open the chest. This incision provided good exposure of the heart, yet the lower lobes (which were used for study), were protected from handling by the lower ribs. After dissection of the left pulmonary artery, sampling catheters were inserted into the right and left lower lobe pulmonary veins, via the left atrium, and into the pulmonary artery through the infundibulum. Cahnulations for bypass were then performed.
The bypass circuit, utilizing the Melrose-N.E.P. heart-lung machine with Kay-Cross oxygenator, is shown in figure 1. Venous return from the heart was collected through two widebore caval catheters and allowed to drain back by gravity into the heart-lung machine. Fifty per cent of the venous return was pumped back directly into a metal cannula inserted through the infundibulum into the pulmonary artery, whilst the other 50 per cent was fed to the oxygenator and pumped through a heat-exchanger and filter into the femoral artery. The splitting of the venous return was achieved by means of a Y-connection in the venous gravity drainage line just above the oxygenator level. One branch of the Y was connected to a tube passing through one of the twin arterial pumps on the machine, whilst the second branch allowed venous blood to pass to the oxygenator, the flow through this being controlled by a hand-operated throtde. Each of the twin pumps was run at half the conventional flow rate (75 ml/kg body weight/min is the normal flow rate employed in this unit), so that when the left pulmonary artery was clamped after production of total bypass, the right lung received the correct flow of mixed venous blood. This blood was oxygenated in the lung and ejected from the left ventricle whilst the remaining 50 per cent of the cardiac output was supplied from the pump-oxygenator via the femoral artery cannula. At the conclusion of bypass the pulmonary artery clamp was taken off and all perfusion cannulae removed. Heparin 1.5 mg/kg was given to prevent clotting during bypass and a further dose of 1.5 mg/kg was given after 1 hour. Protamine sulphate 3 mg/kg was given at the termination of bypass.
Expired gas volume, inspiratory pressure, and arterial and venous pressures were monitored throughout the procedure. Pulmonary artery pressure and left and right pulmonary vein pressures were measured through the sampling catheters at intervals before, during and after bypass. Oesophageal temperature and the electrocardiogram were monitored throughout.
A total of 45 dogs were studied. They were divided into the following groups.
Group I. Sixteen dogs submitted to a 1-hour per-
fusion using a homologous blood prime in the pump-oxygenator. Twenty-four hour survival was attempted. After the bypass, chest drains were inserted and the sampling catheters were led out through die chest wall. At the end of the operation residual curarization was reversed widi atropine (0.5-1.0 mg) and neostigmine (1-2 mg), and the endotracheal tube was removed when ventilation became adequate and consciousness returned. The animal was nursed on its side and turned 2-hourly. Pediidine was given for analgesia and all blood loss was replaced. The dog was nursed continuously by one of the authors and given supportive care similar to that used in patients. The animal was allowed to breathe air, but was turned on its back and given 100 per cent oxygen by mask for 10 minutes before A-a Po a measurements were made.
Although the duration of perfusion was limited to 1 hour and continous medical supervision was given throughout the postoperative period, only one dog survived for 24 hours. Furthermore, it was found that hypostatic congestion and an increase in shunt in the dependent lung could not be prevented even by turning the animals every 2 hours. These difficulties, together with the possible displacement of sampling catheters, forced us to limit the observations to a shorter period during which the dog could be kept anaesthetized and maintained in the supine position. In all these non-survival experiments (Groups II, III and IV) the duration of perfusion and pulmonary artery occlusion was 2 hours.
Group II. Eight dogs submitted to a 2-hour per-
fusion with a homologous blood prime. Post-perfusion studies were continued for 2 hours in six of the dogs and for 4 hours in the remaining two dogs.
In Groups I and II, the blood used to prime the oxygenator (3 litres) was taken into heparin (15 mg/500 ml of blood) not more than 2 hours before bypass. Two mongrel dogs were used as donors for each experiment. (Manley, 1961) on one dog and an East-Radcliffe ventilator on the other. A cardiac catheter was inserted under radiological control into the pulmonary artery of each dog and arterial and venous catheters were inserted into the femoral vessels. After pressure measurements had been made, blood samples were taken from the pulmonary and systemic arterial catheters. Each dog was given heparin, 3 mg/kg, and exchange of blood was then accomplished through a polyethylene tube of 4 mm internal diameter. The tube was approximately 80 cm long and a 50 ml glass syringe was connected at the midpoint through a three-way stopcock. The ends of the tube were inserted into the jugular vein of each dog. The tube and syringe were siliconed. Fifty ml of blood was withdrawn from one dog and injected into the other. The process was then reversed and continued until about twice the calculated blood volume had been exchanged. The exchange generally took 30-60 minutes. Pulmonary and systemic arterial pressures were monitored at regular intervals. Studies were terminated 2 hours after the completion of the exchange.
Group

Blood Samples.
Blood samples were obtained from catheters placed in the pulmonary artery and right and left lower lobe pulmonary veins, the lungs having been maximally inflated under direct vision a few minutes before sampling was commenced. Samples were taken immediately before perfusion, 10-15 minutes after discontinuing perfusion, and at intervals of \ or 1 hour thereafter.
Each blood sample was analyzed for Po J} Pco 2 , pH and Hb. Po, and Pco 2 were determined on the combined electrode system of Severinghaus and Bradley (1958) . All reference gases were analyzed on a standard Haldane apparatus, calibrated by mercury displacement and checked by the analysis of total absorbable gas in air. When reading gases of known oxygen concentration (range of 8-29 per cent oxygen) the oxygen electrode had a mean error of 0.024 mm Hg (SD = 1.04 mm Hg, SE of mean=0.11). The linearity was checked repeatedly by reading air and a known high oxygen mixture, using white spot nitrogen to set zero. The electrode used had a platinum tip 1 mm in diameter and, despite the use of a mechanical stirrer, blood read lower than gas of the same tension. This blood-gas difference was determined daily by exposing a 10-ml sample of the dog's blood to gas of a known high oxygen tension in the tonometer for a period of 30-40 minutes and then reading the blood oxygen tension on the electrode. The correction factor so determined was then applied to all high readings and a similar correction factor was determined for the lower oxygen tensions. These blood-gas correction factors varied between 102 and 114 per cent during the period of study. A correction was also applied for the fall in oxygen tension resulting from oxygen consumption by the blood during the period of transference and measurement in the electrode. The accuracy of the carbon dioxide electrode was checked by equilibrating 32 blood samples with gas mixtures containing 2.6-9.6 per cent carbon dioxide. It was found that the electrode had a mean error of +0.16 mm Hg (SD 1.39 mm, SE of mean = 0.386).
pH was determined on the micro-Astrup apparatus (Astrup, 1959) , duplicates being checked on a second electrode system at regular intervals. When samples could not be analyzed immediately a pH correction of +0.008 pH units per hour was applied for storage in iced water (Neematallah, Chapman and Sykes, 1963) .
Calculations.
Since the inaccuracy introduced by assuming a respiratory quotient of 1 becomes relatively small in proportion to the electrode error at high oxygen tensions, the alveolar air equation may be simplified to Cc' O2 -Cv = proportion of cardiac output Q r passing through right -to -left shunts Pao 3 = arterial oxygen tension Cc' O2 = end-pulmonary capillary oxygen content Cv O j = mixed venous oxygen content. When the arterial oxygen tension was below 350 mm Hg the standard shunt equation was used (Comroe et al., 1962) . The oxygen tension at 37 °C was corrected for pH and the percentage saturation read off the nomogram of Severinghaus (1958) . Content was then calculated from the capacity (Hb (grams %)X 1.34) according to the formula: Blood content = capaaty x 100 red blood cell -+ (0.003 X Po 3 ) dissolved End-pulmonary capillary oxygen tension was taken to equal alveolar oxygen tension: any diffusion gradient across the alveolar-capillary membrane was thus included in the calculated shunt.
Surface Tension. Measurements of surface tension were made on the lower lobes of the lungs of twelve dogs perfused with homologous blood and on the lungs of four dogs not subjected to perfusion, but in whom one pulmonary artery had been occluded for 2 hours.
Four dogs in the first group and one in the second died within minutes of the end of perfusion or clamping; the survival times of the others varied from 2 to 24 hours in both groups.
Surface tension was measured by the bubble technique of Pattle (1958) . A small piece of lung (about 1 g) was inflated with air by means of a needle and the bubbles were squeezed from the cut surface into a hanging drop of water on a microscope slide. The diameters of the bubbles were measured under a microscope, as soon as possible after their formation, to give a measurement D o , and again after 20 minutes (D 30 Values below 0.5 are obtained when the surface tension is greater than normal and the bubbles tend to shrink and ultimately disappear. Bubble preparations were made from a minimum of three randomly selected sites in the lower lobe of each lung. Where a lobe showed microscopic evidence of collapse further preparations were made from this site. Serial studies on three specimens showed no alteration in surface tension up to a week after death of the anima1 3 providing the lungs were stored in a refrigerator. However, most specimens were studied within two days of death. The number of bubbles measured from each site was determined by a sequential analysis of the results*, using a sequential sampling chart whose boundaries were calculated to give a 1 per cent chance of "accepting" a preparation with abnormal surface tension, or "rejecting" one with normal surface tension. was very near to either 1 or 0.) This statistical procedure resulted in a considerable economy of effort since it was necessary to count only enough bubbles to produce a statistically significant result. In a uniform preparation such a result might be obtained with as few as 10 bubbles.
In one experiment measurements were made on a Wilhelmy balance by Dr. E. O. R. Reynolds. The apparatus consisted of a small teflon-lined trough which was filled with an extract of lung tissue. Ten grams net weight of each specimen was minced and added to 75 ml of normal saline. After stirring vigorously for 5 minutes the extracts were allowed to stand for 20 minutes and then filtered through gauze into the trough. After a further 20 minutes (to allow the surface film to form) the surface was alternately compressed and expanded by a teflon bar which cycled slowly back and forth across the trough. Surface tension was measured by a fl-shaped strip of platinum which was suspended from a sensitive balance and which dipped into the extract at one end of the trough. Readings were made after 2,\ hours (10 cycles).
RESULTS
Shunts.
Group I. All the dogs in which satisfactory measurements were obtained showed an increase in shunt in the perfused (right) lung immediately after bypass. The excluded (left) lung showed little change. Only four dogs survived more than 4 hours after bypass. It proved impossible to maintain the dog in the supine position during the postoperative period. Although the dog could be turned on to its back for a short while before sampling, the increased shunt which had developed in the dependent lung rendered postoperative measurements valueless. An example of this is shown in table I.
Group II. Satisfactory results were obtained in all eight animals (table II). In four of the eight dogs there was a marked increase in shunt in the perfused lung after bypass. This persisted for the period of study. In the other four dogs there was little difference between the two sides. A statistical analysis using Student's "t" test revealed that there was a significant increase in shunt in the right lung when the mean of the values 30 min after perfusion was compared with the preperfusion mean in the same lung (0.05>P>0.02) and with the mean in the left lung (0.05 >P> 0.02).
Group III. The dextrose-saline prime resulted in a mean haemoglobin of 9.4 g/100 ml at the end of perfusion (range 7.7-10.4 g/100 ml). The measured shunts are shown in table IIL There was no significant difference in the percentage shunt between the two sides nor between pre-and post-perfusion values.
Group IV. During the course of these experiments a number of pressure measurements were made to demonstrate that none of the surgical and cannulation procedures caused more than a transient mild increase in pulmonary arterial or pulmonary vein pressures.
The calculated shunts are shown in table IV. There were no significant changes in shunt.
Group V. There was no significant difference in the percentage shunt immediately after exchange transfusion, or 2 hours later (table V) .
To summarize, there was a significant increase in true shunt in lungs which were perfused for 2 hours with donor blood from a pump-oxygenator circuit. From an analysis of the controls it seems unlikely that the increased shunt was due to posture, direct trauma, raised intravascular pressure, heparin, oxygen inhalation, foreign blood, or a pump-oxygenator acting alone. It appears from these results that the changes are associated with perfusion of the lung by donor blood which has been passed through a pumpoxygenator.
Surface tension.
In lung specimens taken from areas which were macroscopically normal there was no statistically significant difference between the mean (D 3 o)V (D o ) 2 values of the perfused lungs and the non-perfused lungs, or, in dogs submitted to pulmonary artery clamping without perfusion, between the clamped and non-clamped sides. However, in some preparations from the perfused lungs the (D 2o y/(D O )* values showed much Per cent shunt greater variability than usual, as evidenced by the need to measure more bubbles to reach a boundary of the sampling chart, and a greater standard deviation of the mean of the ratios (table VI) . It was considered possible that this could indicate a reduction of "surfactant", as distinct from its almost total absence in, for example, the respiratory distress syndrome of the newborn, where (D 30 )V(D 0 ) 3 values are uniformly low. The point was discussed with Dr. Pattle who could not agree with this view.
In one of the dogs which had been submitted to left pulmonary artery occlusion cardiac arrest occurred. Cardiac massage was carried out without success and considerable pulmonary oedema was found at autopsy. In this dog abnormal values for (D 20 ) J /(D 0 ) J were found (mean: left side 0.22, right side 0.35). Similar findings were obtained in oedematous lungs from calves dying during valve replacement procedures carried out under total cardiopulmonary bypass. The most marked changes of surface tension occurred in a dog in which the blood had been defibrinated in the oxygenator owing to inadequate heparinization. Here the bubbles from the perfused lung had a mean (D 20 )7(D 0 )' of 0.31 and those from the non-perfused lung 0.83.
The lungs studied on a Wilhelmy balance were obtained from a dog which had been perfused for 2 hours and killed 4 hours later. These showed normal surface tension values (11 dynes per cm on the perfused side and 8 dynes per cm on the excluded side; normal values on this balance are less than 15 dynes per cm).
Additional evidence was provided by measurement of the pressure-volume curves of the isolated lungs from two of the dogs submitted to perfusion. When allowance was made for the difference in resting lung volumes between right and left sides there was no difference in the slope of the pressure-volume curves between the perfused and non-perfused lungs.
DISCUSSION
The earliest reports of this condition (Dodrill, 1958; Muller, Littlefield and Dammann, 1958; Kolff et al., 1958) suggested that the syndrome might be associated with over-oxygenation, emboU, or over-distension of the pulmonary vessels. The adoption of left atrial or ventricular venting certainly lowered the frequency of pulmonary complications after bypass, but the post-perfusion lung syndrome persisted. The syndrome still occurred when arterial oxygen tensions were strictly controlled during bypass, and, although small fibrin and silicone emboli have been found in many tissues after bypass, it is unlikely that they could account for the histological picture seen in the lungs. "Sludging" was another possibility, but in our own experience the addition of Rheomacrodex to the priming blood has not decreased the severity of the lesions seen.
The similarity of the histological changes seen in adult humans to those associated with the respiratory distress syndrome of the newborn (Avery and Mead, 1959) suggested that there might be an alteration of the surface-active film lining the alveoli. Gardner, Finley and Tooley (1962) found an increase in minimal surface tension in lungs from ten humans dying 2-6 hours after cardiopulmonary bypass of 40-120 minutes duration. They also found an increase in the lungs of dogs submitted to cardiopulmonary bypass for 48-75 minutes. The minimal surface tension was increased from a normal of 6-8 dynes/cm to 9-10 dynes/cm in dogs dying 20-60 minutes after the bypass and to a mean of 18.4 dynes/cm in dogs killed 4-60 hours after bypass. Mandelbaum and Giammona (1964) found no increase in surface tension in dog lungs which had been subjected to unilateral pulmonary artery ligation for 4 hours, though an increase was observed after ligation for two weeks. In dogs submitted to cardiopulmonary bypass they found a small but insignificant increase in surface tension after 2 hours bypass, but a statistically significant increase after 4 hours bypass. All these authors used the Wilhelmy balance for determination of surface tension.
The failure to find changes in surface tension in the present studies might have been due to the limited period of bypass or to a difference in the technique of measuring surface tension. Howatt and Strang (1965) found a significant positive correlation between measurements made by the bubble technique and measurements made on the Wilhelmy balance, but they noted a wide scatter in the results. In the present experiments the normal values obtained on the Wilhelmy balance and the normal pressure-volume loops support the view that changes in surface tension were indeed minimal. The cause of the reduction in surfactant noted by other authors is not dear. Lee and associates (1961) demonstrated an alteration in the lipid fractions of blood which had been circulated through a pump-oxygenator system and Tierney and Johnson (1961) demonstrated that surfactant was inhibited in vitro by a petroleumether soluble lipid from lung tissue. It was thus suggested that denaturation of plasma proteins occurring in a pump-oxygenator might produce a lipid substance capable of inhibiting surfactant in vivo. Schramel and associates (1961, 1963) , using veno-venous perfusions, showed that the lesions were most severe when there was a functioning oxygenator in the circuit and when this was primed with homologous blood, whilst Hepps and associates (1963) showed that both histological and surface tension changes were less marked when 50 per cent haemodilution was used during bypass.
All the available evidence, therefore, suggests that the passage of blood through a pumpoxygenator system causes a breakdown of the normal blood constituents and that the damaged blood then causes the lung lesions either directly by producing a vasculitis (Neville et al., 1963) or indirectly via a reduction in surfactant. It is also possible that some other unidentified substance such as histamine or 5-hydroxy-tryptamine may be responsible (Sarajas, Kristoffersson and Frick, 1959; Cooper et al., 1963; Hollenberg, Pruett and Thai, 1963) or that blood amino acids may be altered (Dimililer and Trout, 1964) .
The present experiments provide additional support for this trend of thought, since it has been shown that both homologous blood and a pump-oxygenator are necessary for the production of shunts within the dog lung.
The mechanism responsible for the production of right-to-left shunting is, however, not clear. In lungs from patients who have died with the postperfusion lung syndrome there are areas of atelectasis with congested capillaries and haemorrhage and exudate within the alveoli. These areas are particularly marked in patients dying after complete correction of the Tetralogy of Fallot. Arterial desaturation is particularly noticeable after operation in this group of patients. In the dog lungs, however, the dominant lesion was periarterial haemorrhage. There were scattered areas of atelectasis, bronchial closure, intra-alveolar haemorrhage and peribronchial haemorrhage, but the severity of the histological lesions could not be correlated with the measured shunt. In view of this rinding it is necessary to consider other possible explanations for the large shunts found.
It was considered possible that a reduction in surfactant might decrease the compliance of the perfused lung and so reduce its volume. Since both lungs were inflated to a constant pressure this might have resulted in bronchial closure and increased shunt in the perfused lung. However, the failure to demonstrate changes in surface tension and the close similarity between the pressure/volume curves of the isolated lungs from perfused and non-perfused sides makes this explanation unlikely. Halmagyi and colleagues (1963) working on sheep, reported the occurrence of shunting in the lung in response to the transfusion of 0.20 ml/kg of incompatible blood. They observed that this shunting could be abolished by the administration of intravenous isoprenaline and postulated terminal bronchiolar spasm as the cause. They quote references to deaths after massive exchange transfusion in the newborn human (Van Praagh, 1961; Morawitz, 1907) but it is not clear from the clinical descriptions in these papers whether the deaths were due to the development of massive intrapulmonary shunting or not. The incidence of a blood transfusion reaction in the dog submitted to cardiopulmonary bypass with homologous donor blood is estimated at about 1 in 10. In this series of perfusions one dog (No. 16) probably died from the effects of a transfusion reaction. Certainly in the six dogs submitted to exchange transfusion without the use of a pumpoxygenator there was no increase in intrapulmonary shunting within 2 hours. There was also no increase in shunt in dogs submitted to perfusion without the use of donor blood. It may, therefore, be concluded that two conditions, donor blood and a pump-oxygenator, are required before this type of lung damage is produced in dogs.
It appears from the work of Neville and associates (1963) and Lee and associates (1961) that the passage of blood through a pump oxygenator may lead to haemolysis and to denaturation of plasma proteins. These authors have produced evidence to suggest that both these processes may be responsible for the lung changes seen in the post-perfusion lung syndrome. One experiment in this series provided evidence that haemolysis may not be important in the dog (table VII) . Despite almost complete haemolysis, due probably to a transfusion reaction, there was no increase in shunt during the course of perfusion.
On the other hand, in another experiment in which donor blood was inadvertently taken into heparin 24 hours previously and consequently became defibrinated in the pump-oxygenator, a marked increase in shunt in both lungs appeared immediately after bypass, the perfused lung showing more shunt than the other (table VIII) . It is concluded that these experiments provide further evidence that the increased intrapulmonary shunting noted after total body perfusion is associated with the use of homologous blood in a pump-oxygenator circuit. Further work is needed to define the causative agent.
